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Abstract 
In recent years a nationally and internationally concern about energy production has been outstanding. The production of electricity in 
contrast to its increasing consumption, in addition to the environmental impact of its generation has been subject of studies and research 
in order to find solutions to the problem. In this context, renewable energies are configured with a high potential to increasingly 
integrate energy matrix. In Brazil, the solar energy is interesting, in this regard, due to the area availability for installation of solar plants 
and to solar radiation incident during the year. Thus, in order to encourage and facilitate studies around the parabolic solar concentrators 
used in these plants, the present work aims to develop and implement a mathematical model to calculate flow parameters and heat 
transfer applied to parabolic trough solar collectors. As a result, a simple and handy software that allows variation of parameters of the 
concentrator was created in order to evaluate its thermal performance. It permits insertion of customized values and meteorological data 
with greater flexibility. Results of numerical simulation shows that the mathematical model developed is reasonable and the program 
has shown to be very useful as a design tool, as it is possible to determine the thermal efficiency, optical, thermal losses, among others, 
in addition to presenting the radial and axial temperature profile, and a time-based efficiency profile. 
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1. Introduction 
Parabolic trough collectors are the most developed technology with regard to electricity generation by solar thermal 
energy [1]. Parabolic trough power plants consist of large fields of parabolic trough collectors, a heat transfer fluid/steam 
generation system, a Rankine steam turbine/generator cycle, and optional thermal storage and/or fossil-fired backup 
systems. The collector field is made up of a large field of single-axis-tracking parabolic trough solar collectors; it is 
modular in nature and comprises many parallel rows of solar collectors, normally aligned on a north-south horizontal axis 
[2]. 
The parabolic trough collectors are reflectors curved around an axis in linear parabolic shape, which collect parallel rays 
around a single focus line, where a long pipe receiver is placed for heating the heat exchange fluid. The heat collector 
element (HCE) consists of a stainless steel tube with a selective coating of metal-ceramic enclosed by an evacuated 
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antireflective glass tube. The vacuum envelope primarily serves to significantly reduce thermal losses at high operating 
temperatures and to protect the surface of the absorber from oxidation. The vacuum in the HCE should be below the 
conduction band Knudsen gas to reduce convective losses in the annular space, which is typically maintained close to 
0.0001 mm Hg. The metal-ceramic multilayer cover is placed over the steel tube to provide optimum optical properties 
with high absorptivity of direct solar radiation and low thermal emissivity at the temperature of operation to reduce heat 
radiation. The glass cylinder has an outer antireflective coating to reduce Fresnel reflective losses from glass surface, 
maximizing the solar transmittance [2]. 
A detailed solar power plant simulation and analysis of its components is needed for the design of parabolic trough solar 
systems. Thus, a heat transfer analysis and modeling of a parabolic trough solar collector are presented in this paper. The 
proposed methodology is used to obtain optimum parameters and conditions such as operating conditions and parasitic 
losses. This steady state, single and bidimensional model comprises the fundamental radiative and convective heat transfer 
and energy balance relations programmed in Visual Basic .NET language. It considers the effects of solar intensity and 
incident angle, collector dimensions, material properties, fluid properties, ambient conditions and operating conditions on 
the performance of the collector for use in a power plant.  
 
Nomenclature 
 
ܽ accommodation coefficient 
ܣܿݏ cross-sectional  area 
ܾ interaction coefficient 
ܦ diameter 
݂ friction factor 
݄ convection coefficient 
݇ conduction coefficient 
ܰݑ Nusselt number 
ܲ pressure 
ܲ݁ perimeter of the bracket 
ܲݎ Prandtl number 
ݍሶ ᇱ heat transfer rate per unit length 
ܴܽ Rayleigh number 
ܴ݁ Reynolds number 
ܶ  temperature 
 
Greeks 
 
ߛ specific heat ratio 
ߜ molecular diameter 
ߝ emissivity 
ߠ direct normal solar incidence angle 
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ߣ molecular mean free path  
ߨ pi constant 
ߪ Stefan-Boltzmann constant 
 
Subscript 
 
ͳ heat transfer fluid 
ʹ absorber tube inner surface 
͵ absorber tube outer surface 
Ͷ glass envelope inner surface 
ͷ glass envelope outer surface 
͸ ambient 
͹ sky 
ܾܽݏ absorber tube  
ܽ݌ aperture 
ܿ݋݊݀ conduction 
ܿ݋݊ݒ convection 
݁݊ݒ glass envelope 
݄ܿ݁ heat collector element 
ݎܽ݀ radiation 
ݏݐ݀ standard conditions 
ܵ݋݈ܣܾݏ solar absorption 
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2. Heat transfer modeling 
The heat transfer analysis can start with unidimensional model at radius direction and then expand de concepts along 
the flow direction in a bidimensional model [3]. This unidimensional assumes that all temperatures, heat fluxes and 
thermodynamic properties are uniform around the HCE circumference unless indicated different. 
The unidimensional analysis system covers all the equations of energy balance between the HTF and the atmosphere, 
necessary to estimate the terms of this balance, which may depend on the type of solar collector, the condition of the HCE, 
the optical properties and conditions of environment (Fig. 1 – Simplified schematic of a fragment of HCE 
). 
 
 
Fig. 1 – Simplified schematic of a fragment of HCE 
 
Convection is one of the heat transfer process. It comprises the heat transfer fluid (HTF), the annulus between the 
absorber and glass envelope and outside of the glass envelope. Newton’s law of cooling should be used in these cases, 
with ݄ ൌ ܰݑ݇ ܦΤ : 
 
ݍሶ௖௢௡௩ᇱ ൌ ݄ܦߨሺ ௛ܶ௢௧ െ ௖ܶ௢௟ௗሻ (1)
 
The HTF convection (ሶ ଵଶୡ୭୬୴ᇱ ሻdepends on Nusselt number in laminar condition, ܰݑ ൌ Ͷͺ ͳͳΤ ; or turbulent condition, 
with adapted Gnielinski correlation [4], valid for ͲǤͷ د ଵ د ʹͲͲͲ  and ͵ͲͲͲ د  د ͷ ൈ ͳͲ଺ , where all the fluid 
properties are evaluated at the HTF average temperature: 
 
ܰݑ ൌ  ݂ ͺΤ ሺܴ݁ െ ͳͲͲͲሻܲݎଵ
ͳ ൅ ͳʹǤ͹ሺ݂ ͺΤ ሻଵଶ ൬ܲݎଵ
ଶ
ଷ െ ͳ൰
ሺܲݎଵ ܲݎଶΤ ሻ଴Ǥଵଵ (2) 
 
The friction factor (݂) can be calculated with Petukhov correlation valid for ͵ͲͲͲ د  د ͷ ൈ ͳͲ଺: 
 
݂ ൌ ሺͲǤ͹ͻͲ ݈݊ ܴ݁ െ ͳǡ͸Ͷሻିଶ (3) 
 
Outside the glass envelope forced convection can happen in presence of wind. In this case should be used the 
Zukauskas’s correlation, valid for 0.7 د ܲݎ د 500 and 1 د ܴ݁ دͳͲ଺ [4], where  = 0.37, for ଺ د ͳͲ or  = 0.36, for 
଺ ذ ͳͲ, and coefficients for determining the Nusselt number are described by Incropera and DeWitt [4]: 
 
ܰݑതതതത ൌ ܥܴ݁௠ܲݎ଺௡ ൬
ܲݎ଺
ܲݎହ൰
ଵȀସ
 (4) 
 
Otherwise, natural convection is held in absence of wind with Churchill and Chu correlation for the Nusselt number in a 
long isotherm cylinder [4], valid for ܴܽ د ͳͲଵଶ: 
 
(7) (1) HTF 
(2) Inner surface of the absorber tube 
(3) Outer surface of the absorber tube 
(4) Inner surface of the glass envelope 
(5) Outer surface of the glass envelope 
(6) Ambient 
(7) Sky 
(3) 
(2) 
(1) 
(4) 
(5) 
(6) 
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ܰݑതതതത ൌ ቊͲǤ͸Ͳ ൅ ͲǤ͵ͺ͹ܴܽ
ଵ ଺Τ
ሾͳ ൅ ሺͲǤͷͷͻ ܲݎΤ ሻଽȀଵ଺ሿ଼Ȁଶ଻ቋ
ଶ

 
(5) 
 
If there is vacuum (less than 1 torr) in annular space, the heat transfer will be free molecular convection [5]. The 
convection coefficient ݄ is valid for ܴܽ ൏ ሺܦସ ሺܦସ െ ܦଷሻΤ ሻସ, but can slightly overestimates the heat transfer for very low 
pressures (lower than 0.0001 torr): 
 
݄ ൌ ݇௦௧ௗܦଷ ʹ ሺܦସ ܦଷΤ ሻΤ ൅ ܾߣሺܦଷ ܦସΤ ൅ ͳሻ 
(6) 
 
ܾ ൌ ሺʹ െ ܽሻሺͻߛ െ ͷሻʹܽሺߛ ൅ ͳሻ  
(7) 
 
ߣ ൌ ʹǤ͵͵ͳ ൈ ͳͲ
ିଶ଴ሺܶ ൅ ʹ͹͵Ǥͳͷሻ
ܲߜଶ  
(8) 
 
The molecular diameter, interaction and accommodation coefficients and the free mean path differs from each annulus 
gas, but literature can show some values for air [6]. However, if there is no vacuum, will be natural convection between 
two horizontal cylinders with the Raithby and Holland correlation [7], also valid for ܴܽ ൏ ሺܦସ ሺܦସ െ ܦଷሻΤ ሻସ: 
 
ݍሶଷସ௖௢௡௩ᇱ ൌ
ʹǤͶʹͷ݇ሺ ଷܶ െ ସܶሻሺܲݎ ܴܽ ሺͲǤͺ͸ͳ ൅ ܲݎሻΤ ሻ
ଵ
ସ
൬ͳ ൅ ሺܦଷ ܦସΤ ሻ
ଷ
ହ൰
ହ
ସ
 
(9) 
 
The heat transfer through both wall of the absorber tube (ݍሶଶଷ௖௢௡ௗᇱ ) and glass envelope (ݍሶସହ௖௢௡ௗᇱ ) are calculated with the 
Fourier Law [4]: 
 
ݍሶ௖௢௡ௗᇱ ൌ
ʹߨ݇ሺ ௛ܶ௢௧ െ ௖ܶ௢௟ௗሻ
݈݊ሺܦ௜௡௡௘௥ ܦ௢௨௧௘௥Τ ሻ 
(10) 
 
The conductivity of glass envelope is 1.04 W/m K for Pyrex® [8]. In this case, it is assumed that antireflective 
treatment on either inner or outer sides does not introduce thermal resistance and causes no effects at glass emissivity. The 
absorber tube include 304L, 316L and 321H stainless steel with conductivity described by Danis [9]; and cooper with 
constant conductivity [10], ݇ ൌ ͶͲͲ W/m K. 
The two radiations heat transfers are between the absorber tube and glass envelope and from the glass envelope to 
ambient. For the first one (ݍሶଷସ௥௔ௗᇱ ), it is assumed gray surfaces, diffuse reflections and irradiations, no participations of the 
annulus gas and opaque glass to infrared radiation. The deviations resulted by these considerations should be relatively 
small [3]. 
 
ݍሶଷସ௥௔ௗᇱ ൌ
ߪߨܦଷሺ ଷܶସ െ ସܶସሻ
ͳ ߝଷൗ ൅ ሺͳ െ ߝସሻܦଷ ሺߝସܦସሻΤ
 (11) 
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For the glass envelope to ambient radiation heat transfer, it is considered that the envelope is a small object into other 
enormous, the sky. The sky temperature is evaluated as 8 ºC below the ambient temperature [3]. 
 
ݍሶହ଻௥௔ௗᇱ ൌ ߪܦߨߝହሺ ହܶସ െ ଻ܶସሻ (12) 
 
The absorption of solar energy by glass envelope (ሶ ହୗ୭୪୅ୠୱᇱ ) and absorber tube (ݍሶଷௌ௢௟஺௕௦ᇱ ሻare treated as thermic fluxes 
for simplification. They are a function of optical losses that include shadowing and tracking efficiency, and errors caused 
by geometry and reflection defects, dirt on mirrors and on HCE, and general errors. A suggestion of these values can be 
found in literature [3]. To improve the accuracy, a term of direct solar incidence angle is considerate for cases in which the 
irradiation is not normal to the aperture [11], with (eq. 13) and without (eq. 14) glass envelope: 
 
ܭ ൌ  ܿ݋ݏ ߠ ൅ ͲǤͲͲͲͺͺͶߠ െ ͲǤͲͲͲͲͷ͵͸ͻߠଶ
 
(13)
ܭ ൌ  ܿ݋ݏ ߠ ൅ ͲǤͲͲͲ͵ͷͳʹߠ െ ͲǤͲͲͲͲ͵ͳ͵͹ߠଶ (14) 
 
The ߠ value must be given in degrees and the correlations are for LS-2 collector type, but are considerate for all cases. 
The multiplication of these optical terms results in a total optical efficiency for the glass envelope (ߟ௘௡௩) and the absorber 
tube (ߟ௔௕௦). 
The other parameters are the transmittance (߬), emissivity (߳) and absorptance (ߙ) of the glass envelope and the 
selective coating on the absorber tube. For the glass envelope, its values are constants and independent of temperature as 
the absorptance of the selective coating, but the emissivity of the selective coating is function of temperature. The present 
work suggests values from Solel Solar Systemn Ltd of Israel and Luz International Ltd. 
 
ݍሶହௌ௢௟஺௕௦ᇱ ൌ ݍሶ௜ᇱߟ௘௡௩ߙ௘௡௩ (15) 
 
ݍሶଷௌ௢௟஺௕௦ᇱ ൌ ݍሶ௜ᇱߟ௔௕௦ߙ௔௕௦ (16) 
 
The last heat transfer term considered in this present work is the losses through the bracket. In this case, the bracket is 
treated as infinite fin with base temperature 10 ºC lower than the absorber tube. 
 
ݍ௖௢௡ௗǡ௕௥௔௖௞௘௧ᇱ ൌ ඥത݄ܲ݁݇ܣܿݏሺ ௕ܶ௔௦௘ െ ଺ܶሻȀܮ௛௖௘  (17) 
 
The conduction coefficient of the carbon steel is about 48 W m-1 K-1 at 600 K [3]. In a bidimensional model is made an 
estimation of the number of brackets in each subdivision of the HCE instead of use the heat transfer per unit length and 
summed in a total value. By the same way as the convection outside of the glass envelope, the convection coefficient must 
be evaluated with or without wind presence.  
The outlet temperature results of a global energy balance. In bidimensional analysis, this balance is for each subdivision 
[3]. The present work also includes a pressure drop analysis for bidimensional model with the Colebrook correlation for 
Darcy friction factor. 

௢ܶ௨௧ǡ௜ ൌ 
൫ݍሶଷௌ௢௟஺௕௦ǡ௜ᇱ ൅ ݍሶହௌ௢௟஺௕௦ǡ௜ᇱ െ ݍሶଷସ௥௔ௗǡ௜ᇱ െ ݍሶଷସ௖௢௡௩ǡ௜ᇱ ൯οܮ௔௣௘௥௧௨௥௘ െݍሶ௖௢௡ௗǡ௕௥௔௖௞௘௧ǡ௧௢௧௔௟ǡ௜ᇱ 
ሶ݉ ܿ௔௩௘ǡ௜
൅ 
ͳ
ʹ ൫ݒ௜௡ǡ௜ଶ െݒ௢௨௧ǡ௜ଶ൯
ܿ௔௩௘ǡ௜ ൅ ௜ܶ௡ǡ௜
(18) 
3. Programming 
The heat transfer model was implemented based on VB.NET programming. The resultant algorithm, solved by 
successive substitution and simple iteration, involves a system of five (envelope case) or three (no envelope case) 
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equations. Each equation solves to a temperature including HTF temperature, absorber tube surfaces temperatures and 
glass envelope surfaces temperatures. In addition, all models are solved for a time instant, enabling time series analysis.  
Initially, the collector is fractionated in “n” subdivisions and each one is calculated with unidimensional model. For the 
HTF, the outlet of “n” subdivision must be the inlet for “n + 1” subdivision. For the absorber tube and glass envelope all 
temperatures and properties into a subdivision is considered homogeneous, but continuous between the subdivisions. 
 
 
Fig. 2 – Application main window 
 
 The algorithm starts with an initial prediction of the temperatures for each “n” subdivision which turns it possible to 
calculate all heat transfer terms. For the HTF and absorber tube surfaces temperatures, energy balance equations are used 
to recalculate these temperatures and compound the iteration method. If exists glass envelope, its surfaces temperatures are 
evaluated based on numeric methods as false position and bisection. All recalculated temperatures are used as new initial 
guesses for each unidimensional model calculations until they converge to a fixed value according to a tolerance pre-
established. By this time, is incremented a new collector subdivision until its length ends. 
The resultant application has a user-friendly interface enabling an easy choice of all necessary configurations. It has as 
options three collector types and its configurations and twenty two fluid types. The main necessary operation conditions to 
be completed are HTF flow rate, inlet temperature, wind speed, ambient temperature, annulus pressure, direct normal 
incident irradiation and solar incident angle. In addition to the options predefined, the configurations of collector, fluid and 
ambient conditions can be set in user-defined values allowing a great flexibility. A resume of all selected conditions can be 
viewed also on the main window. 
Once selected the desired conditions, the application solves through the mathematical model using the inputs set and 
presents the outputs of total and optical efficiency; temperature of the fluid and surfaces as inner and outer absorber tube 
and glass envelope; and heat exchanges such as heat gain and total losses. In addition, it shows two charts of axial and 
radial temperature profile, which allows the user to understand and follow the process of heating. 
In order to get a more complete analysis, if the user disposes of a time series meteorological data such as ambient 
temperature, wind speed and direct solar irradiation of the hours of a day, one can input them to calculate the collector 
efficiency profile for a day. The information presented in this chart is especially important if one wants to dimension a 
solar plant in a specific localization.  
  
408   Antônio Marcos de Oliveira Siqueira et al. /  Energy Procedia  57 ( 2014 )  401 – 410 
4. Numerical Simulation 
In order to evaluate and compare the results generated by the program, was established a standard operating condition 
and collector configuration and thus vary each parameter at a time. Operating parameters established include irradiation 
950 W/m², volumetric flow rate 0.01 m³/s, inlet temperature 22 ºC, no wind speed, annular pressure 0.0001 mmHg, 
incident angle 0º, presence of glass envelope, collector type LS-3, selective coating Solel UVAC Cermet avg, type of 
absorber 321H and work fluid Therminol VP. The results obtained were 73% efficiency and outlet temperature of the HTF 
269.79 º C. 
 
  
Fig. 2 – The influence of (a) ambiente temperature and (b) solar irradiation at efficiency and HTF outlet temperature 
 
Increasing radiation the outlet temperature of the fluid and the thermal losses also increase. Therefore, the efficiency 
initially increases and then stabilizes (Figure 2a). The increase in ambient temperature implies reduction in heat loss and 
thus the efficiency and HTF outlet temperature increase (Figure 2b).  
Increase incidence angle causes a decrease in direct solar radiation on the concentrator and therefore causes a reduction 
in efficiency and output temperature of the fluid (Figure 3a). The inlet temperature of the fluid critically influence 
efficiency, since the heat losses increase with increasing temperature, and this causes a decrease in efficiency. However, 
the exit temperature rises proportionally (Figure 3b). 
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Fig. 3 – The influence of (a) radiation incident angle and (b) HTF inlet temperature at efficiency and HTF outlet temperature 
 
The selective coating type has a strong influence on each energy rate component, since each coating has different 
emissivity and absorptance values. Thus, since HCE performance is very sensitive to the optical properties of the selective 
coatings, any manufacturing variances in coatings could result in significant energy losses (Figure 4). 
 
 
Fig. 4 – The influence of selective coating type at efficiency and HTF outlet temperature 
 
5. Conclusion 
Based on the importance of solar energy and its potential in Brazil it was developed software capable of predicting 
results of thermal performance of a parabolic trough collector based on a mathematical model according to available 
literature already consolidated in order to encourage and facilitate studies around the parabolic solar concentrators used in 
solar plants. 
The results of a numerical simulation reveal that the present mathematical modeling is suitable for analyze and study 
parabolic solar concentrators. The program proved to be very useful as a design tool, being possible to determine the 
thermal and optical efficiency, thermal losses, among others, in addition to presenting the radial and axial profile of 
temperature. The main contributions of this work are the custom inputs on several parameters, especially for collector data, 
that allows the user work with self-made collector; application free of user initial values and limits for variables; and 
insertion of meteorological data, such as radiation and wind speed as a function of time, enabling a wide analysis of 
system performance throughout the day. In this latter case, as a result, there is a graph of efficiency hours.  
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With this program, one can study the individual variables influence on parabolic trough collector behavior keeping 
other variables constant, with the advantage of simulation in regard of cost and time expenses. Therefore, the use of 
simulation models combines ease-of-use and low operating costs, as well as being a great educational and research tool. 
The application can be useful not only in electric power generation plants but also at situations where the fluid is used as a 
thermal energy source, as in industrial units.  
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